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An  experimental  platform  for  testing  solar  collectors  has  been  designed  and  built  at  Southeast 
University,  China.  In  this  article,  the  structure  and  the  detailed  operation  of  this  platform  are  presented. 
The  performance  of  an  evacuated  heat  pipe  solar  collector,  in  which  a  heat-pipe  is  used  to  transfer  the 
heat  from  the  collector  to  the  water,  is  investigated  experimentally  by  using  the  developed  platform. 
The  investigation  is  focused  on  the  instantaneous  efficiency  and  its  correlations  with  the  receiver  and 
absorber  areas,  the  effective  heat  capacity,  the  incidence  angle  modifier  and  the  pressure  drop. 
In  addition,  the  theoretical  analysis  of  the  solar  collector  is  carried  out  for  these  parameters.  The 
thermal  behavior  and  performance  of  this  solar  collector  is  acquired  through  the  experimental  results 
by  using  this  developed  platform.  This  platform  is  also  suitable  for  experimental  investigation  of  other 
types  of  solar  collectors. 
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1.  Introduction 

There  have  been  significant  scientific  and  technological  devel¬ 
opments  in  the  solar  collectors.  A  solar  collector  is  a  special  kind 
of  heat  exchanger  that  transforms  solar  radiation  energy  into 
heat  [1].  Solar  thermal  utilization  for  water  heating  has  been 
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developed  very  rapidly  in  China  [2 ].  Solar  water  heating  systems 
have  huge  demand  not  only  in  the  Chinese  market  but  also  in  the 
international  market.  There  are  many  solar  water  heating  enter¬ 
prises  in  China,  which  operate  under  socialized  manufacturing 
structure  as  it  reduces  investment  risks  and  also  rationalizes 
resources  [2].  At  present,  solar  collectors  have  been  classified  as 
flat  plate,  glass  vacuum  tube  collector  and  heat  pipe  collector. 
Rojas  et  al.  [3]  has  tested  the  thermal  performance  of  the  solar  flat 
plate  collector  according  to  the  ASHRAE  93  and  EN  12975-2 
standards  and  compared  the  different  test  results  under  steady 
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state  and  transient  conditions.  The  ASHRAE  93  uses  prescribed 
environmental  conditions  for  a  range  of  collector  fluid  tempera¬ 
tures  for  finding  the  performance  of  collector  under  steady  state 
conditions.  The  EN  12975-2  uses  large  range  of  environmental 
conditions  for  analyzing  the  performance  of  collectors  under 
transient  conditions.  Villar  et  al.  [4]  has  presented  a  transient 
3-D  mathematical  model  for  flat  plate  collectors  based  on  mass  and 
energy  balances.  It  can  be  configured  for  different  configurations  of 
tubes  as  well  as  transparent/semi  transparent  plates.  Khoukhi  et  al. 
[5]  have  analyzed  the  flat  plate  collector  for  the  effects  of  convec¬ 
tion  heat  transfer  to  the  thermal  loss  and  performance  of  the 
collector  considering  the  absorption-emissivity  factor.  Budihardjo 
et  al.  [6]  has  developed  a  mathematical  model  for  the  glass  vacuum 
tube  collector  using  water  as  the  heat  transfer  medium,  and 
included  the  optics  and  heat  losses  property  of  tubes,  and  com¬ 
pared  the  performance  of  the  vacuum  tube  collector  with  the  flat 
plate  collector.  The  limitation  of  this  is  that  it  can  be  used  for  a  low 
pressure  systems  and  lower  circulation  rate  of  the  fluid  in  the 
vacuum  tube  collector.  Fernandez-Garcia  et  al.  [7]  has  presented  a 
review  of  the  parabolic-trough  solar  collectors  and  their  applica¬ 
tions  to  supply  the  thermal  energy  upto  400  C.  Mathioulakis  et  al. 
[8]  has  developed  a  solar  collector  experimental  system  comprising 
of  heat  pipe  and  water-storage  tank,  and  analyzed  the  system 
performance.  The  obtained  results  showed  that  comparatively  high 
efficiency  could  be  achieved.  It  can  be  used  for  heat-pipe  hot  water 
system  optimization.  Rittidech  et  al.  [9]  investigated  the  plate 
collector  adopting  a  curved  heat  pipe  and  analyzed  the  influence  of 
solar  irradiance  and  ambient  temperature  on  the  collector  perfor¬ 
mance.  This  analysis  incorporates  the  natural  forces  of  gravity  and 
capillary  action.  It  has  additional  benefits  such  as  corrosion  free 
operation.  Chun  et  al.  [10]  have  studied  the  heat  pipe  solar  water 
heater  using  different  heat  transfer  medium  and  analyzed  (experi¬ 
mentally)  the  temperature  distribution  pattern  of  the  heat  pipe 
under  low  level  solar  irradiance.  It  was  focused  on  finding  the  most 
suitable  configuration  of  the  system  for  possible  commercialization 
in  Korea.  Hussein  et  al.  [11]  has  investigated  transient  thermal 
behavior  of  heat  pipe  flat  plate  collector  focusing  on  the  influence 
of  solar  irradiance,  the  material  and  thickness  of  heat  absorption 
plate,  etc  on  the  thermal  performance  of  the  collector.  Riffat  et  al. 
[12]  presented  a  theoretical  model  for  analyzing  heat  transfer 
processes  in  a  thin  membrane  heat-pipe  solar  collector,  and  also 
the  model  results  were  validated  through  experimental  data. 
Muneer  et  al.  [13]  has  analyzed  the  potential  of  solar  thermal 
energy  for  Turkish  textile  industries  considering  life  cycle  assess¬ 
ment  and  relevant  economics  of  solar  water  heater.  Hussein  [14] 
has  investigated  the  effect  of  wickless  heat  pipe  cross  section 
geometry  and  its  working  fluid  filling  ratio  on  the  performance  of 
flat  plate  solar  collectors  experimentally.  Different  cross  section 
geometries  have  been  included  in  this  study.  Hu  et  al.  [15]  has 
investigated  the  optimal  thermal  and  exergetic  performance  of 
solar  thermal  power  system.  Yulan  et  al.  [16]  analyzed  the  heat 
transfer  of  the  compound  parabolic  concentrator  CPC  heat  pipe 
vacuum  solar  collector,  and  calculated  and  compared  the  efficien¬ 
cies  of  several  collectors.  Xue-song  et  al.  [17]  has  computed  the 
thermal  loss  coefficient  and  efficiency  of  the  CPC  heat  pipe 
collector.  Yunfeng  et  al.  [18]  combined  a  composite  parabolic 
concentrator  with  a  heat  pipe  plate  collector,  adopted  an  iodine- 
tungsten  lamp  to  simulate  the  solar  irradiance  and  performed 
experimental  investigation  and  comparison  with  the  CPC  heat  pipe 
plate  solar  collector  and  ordinary  plate  solar  collector  by  focusing 
on  the  collector  efficiency.  Jianhong  et  al.  [19]  studied  a  flat  plate 
solar  collector  in  a  solar  air  conditioning  system  and  their  experi¬ 
mental  results  showed  that  adding  a  transparent  polycarbonate 
sheet  in  the  gap  between  the  glazing  and  the  absorber  of 
the  collector  would  reduce  the  thermal  losses  and  improve  the 
performance  of  the  collector.  Jun-feng  et  al.  [20]  compared  the 


all-glass  vacuum  tube  solar  water  heating  systems  with  the  heat 
pipe  solar  water  heating  system  for  instantaneous  efficiency  under 
forced  circulation  conditions  and  concluded  that  the  heat  pipe  tube 
has  less  heat  losses  and  better  performance.  The  most  of  the  above 
mentioned  researchers  mainly  focused  on  flat  plat  and  vacuum 
tube  solar  collector. 

Investigations  aimed  at  the  heat  pipe  solar  collector  are  com¬ 
paratively  deficient,  and  mostly  concentrated  on  the  CPC  heat  pipe 
collector,  more  specifically  on  efficiency  and  thermal  losses  of  the 
collector.  Comprehensive  theoretical  and  experimental  researches 
with  more  emphasis  on  the  heat  pipe  solar  collector  are  not 
reported.  In  this  work,  the  mathematical  model  has  been  presented 
for  doing  the  performance  analysis  and  also  in  finding  the  heat 
capacity  of  the  heat  pipe  solar  collector  has  been  presented  and  also 
the  specialized  solar  collector  experimental  set-up  (test  bench/ 
platform)  has  been  developed  (Institute  of  Energy  and  Environment, 
Southeast  University,  Nanjing  210096,  China)  in  China.  The  main 
parameters  of  the  heat  pipe  collector  such  as  temperature,  flow  rate 
have  been  controlled  and  measured  by  using  two-stage  heating 
through  heat  exchanger.  This  developed  test  bench  has  been  used 
for  performance  analysis  (through  experiments)  of  the  heat  pipe 
solar  collector.  The  effective  heat  capacity  and  also  the  incidence 
angle  modifier  of  the  collector  are  analyzed  for  experimental  and 
theoretical  results. 


2.  Experimental  system  (test  bench) 

The  experimental  platform/test  bench  for  the  solar  collector 
performance  evaluation  is  illustrated  in  Fig.  1.  It  consists  of  the 
tilted  stand  for  solar  collector,  water  system,  temperature  con¬ 
trolling  system,  flow  rate  controlling  system  and  related  measur¬ 
ing  instruments,  etc.  In  this  system,  the  water  is  used  as  a  heat 
transfer  medium  and  water  supplying  circuit  consists  of  the  main 
water  tank,  pump,  pipelines  etc,  and  it  is  a  closed-loop  system. 
The  water  in  the  main  tank  is  delivered  through  the  pipeline  by 
using  the  variable  frequency  pump,  flows  through  the  valve,  the 
filter,  the  second-stage  heater  and  the  flow  meter  and  into  the 
test  solar  collector.  Its  temperature  increases  because  of  absorp¬ 
tion  of  heat  in  the  collector,  and  then  flows  back  to  the  main 
water  tank  through  the  cooling  water  heat  exchanger  (as  a  close- 
loop  system).  The  pipeline  from  the  main  water  tank  to  the  solar 
collector  and  from  the  exit  of  the  collector  to  the  temperature 
measuring  point  of  the  working  medium  is  insulated  for  reducing 
the  thermal  losses  and  also  to  increase  the  accuracy  of  tempera¬ 
ture  controlling  and  measurement.  There  is  an  endoscope  in  the 
pipeline  before  the  inlet  of  the  collector  in  order  to  observe 
whether  there  are  impurities  or  air  bubbles  in  the  working  fluid. 
And  there  are  exhaust  valves  at  the  outlet  of  the  collector  and  in 
the  main  water  tank  so  that  the  hot  water  can  be  discharged 
through  the  exhaust  valves  when  the  measurement  procedure  is 
in  the  high  temperature  state.  In  this  experimental  platform,  the 
water  temperature  control  system  comprises  the  heater  in  the 
main  water  tank,  the  second-stage  heater  and  the  cooling  water 
heat  exchanger,  and  a  two-stage  heating  method  are  used.  The 
water  in  the  main  tank  is  heated  to  within  the  1%  range  of  the 
setting  inlet  temperature  of  the  collector  by  a  power  heater  at 
first,  and  then  it  is  delivered  through  the  pipeline,  and  is  trimmed 
by  the  mini-watt  second-stage  heater,  which  is  thyristor  con¬ 
trolled.  The  second-stage  heater  has  a  PID  regulation  and  control 
function,  and  it  can  compare  the  measured  collector  inlet  tem¬ 
perature  of  the  working  fluid  with  the  set  temperature  and  then  it 
sends  the  error  (difference)  signal  to  the  control  system.  If  the 
sampling  temperature  is  lower  than  the  original  set  temperature, 
the  numerical  PID  controller  switches  on  the  thyristor  to  heat  the 
working  fluid,  and  if  the  sampling  temperature  is  the  same  as  the 
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Fig.  1.  Experimental  system. 


set  temperature  then  the  control  system  switches  off  the  thyristor 
and  stops  heating,  so  the  working  medium  can  be  controlled 
within  the  +  0.1  °C  range  of  the  set  temperature.  The  absorbed 
heat  in  the  collector  is  transferred  to  the  water  (temperature  rise), 
then  it  flows  into  the  cooling  water  heat  exchanger  and  is  cooled 
by  the  cooling  water  in  the  heat  exchanger  and  goes  back  to  the 
main  tank.  The  heat  capacity  of  the  main  water  tank  is  big  enough 
and  the  water  with  fluctuating  temperatures  from  the  cooling 
water  heat  exchanger  is  mixed  with  the  water  in  the  main  tank  so 
that  the  water  temperature  in  the  tank  stabilizes  in  a  short  time. 
There  is  a  mixing  pump  in  the  main  water  tank  and  it  mixes  the 
water  thoroughly  in  order  to  shorten  the  time  required  to  reach 
the  heat  balance.  The  flow  rate  of  the  working  fluid  entering  the 
solar  collector  is  measured  in  real  time  by  using  electromagnetic 
flow  meters  in  the  experimental  system.  The  measured  sampling 
data  are  sent  into  the  control  system  through  the  transmitter  and 
the  control  system  carries  out  the  P1D  calculation  and  sends  a 
control  signal  to  the  frequency  converter  to  regulate  the  rotating 
speed  of  the  pump  in  order  to  maintain  the  flow  rate  within  the 
permitted  range  of  the  setting  value. 

This  experimental  platform  makes  use  of  a  collector  stand  which 
can  be  tracked  according  to  the  position  of  the  sun.  The  control 
system  obtains  the  position  variation  of  the  sun  through  specific 
calculation,  and  then  sends  the  position  signal  of  the  sun  to  track 
control  circuit  in  real  time  and  then  it  achieves  the  two- 
dimensional  track  through  elevating  angle  and  the  azimuth  of  the 
sun  for  optimum  tracking  of  the  sun.  The  tracking  movement  of  the 
solar  collector  is  achieved  through  the  stepper  control  motor  and 
gear  arrangements.  In  this  platform,  there  is  also  a  manual  control 
apparatus  for  changing  the  collector  stand  tilt  angle.  The  A  level 
PT1 00  platinum  resistors  are  used  to  measure  the  temperature  of 
the  working  fluid  at  the  inlet  and  outlet  of  the  test  solar  collector. 
The  platinum  resistor  temperature  transmitters  are  connected  to 
the  data  acquisition  system,  and  the  temperature  data  can  be  read 
at  eveiy  interval  of  time.  During  the  experiment  procedure,  the 
solar  radiometer  (pyranometer)  is  placed  at  the  same  plane  with 
the  collector.  And  there  is  also  a  solar  radiometer  with  a  shadow 
ring  (i.e.,  pyroheliometer)  in  this  experimental  system  for 


measuring  diffused  solar  radiation.  The  velocity  of  the  wind  is 
measured 

by  the  anemometer.  During  the  experiment,  the  solar  collector 
faces  the  true  South  and  the  tilt  angle  of  the  solar  collector  is  35°. 


3.  Theoretical  analysis 

3.3.  Instantaneous  efficiency 

In  steady  state  conditions,  the  working  fluid  flowing  through 
the  solar  collector  takes  the  available  energy  which  is  absorbed  in 
the  flat  plate  collector,  and  the  energy  losses  are  due  to  the  heat 
losses  in  the  system.  By  using  the  average  temperature  (tm)  of  the 
working  fluid  in  the  collector,  the  energy  balance  of  the  solar 
collector  is  given  by: 

qu  =  AcFR[Gt(T(x)-UL{tm-ta)]  =  mcf(to-ti)  (1) 

where, 

qu  the  available  output  power  of  the  collector  (W); 

Ac  the  gross  area  of  solar  collector  (m2); 

Gt  the  total  solar  irradiance  intensity  (W/m2); 
ta  the  transmittance-absorption  product; 

UL  solar  collector  heat  transfer  loss  coefficient  (W/(m2  DC); 
ta  ambient  temperature  (°C); 
m  the  mass  flow  rate  of  working  fluid  (kg/s); 

Cf  the  specific  heat  capacity  of  working  fluid  (J/(kg-  C)); 
t„  t0  the  inlet  and  outlet  collector  temperature  of  the  working 
fluid  (°C); 

Fr  heat  removal  factor  of  the  solar  collector. 


The  heat  efficiency  of  the  solar  collector  is  the  ratio  of  the 
available  output  energy  to  the  solar  irradiance  received  on  the 
collector  surface  and  it  is  given  by: 


1c  = 


Qu 

ACGC 


=  Fr 


i-iL(tm~Ia) 

Ct 


(2) 


122 


B.  Du  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  17  (2013)  1 19-125 


Under  real  conditions,  the  collector  heat  transfer  loss  coefficient  is 
the  function  of  the  collector  temperature  and  ambient  temperature 
[1]  and  it  can  be  expressed  using  the  relation  including  (tm-ta): 

FRUL  =  c1  +  c2(tm-ta)  (3) 

Substituting  Eq.  (3)  into  Eq.  (2): 

)7c  =  FRra-c1(t^-c2(t'"^  (4) 

The  efficiency  curve  of  the  solar  collector  according  to  (tm-fa)/Gt 
can  be  verified  through  experiments.  Accordingly,  adopting  the 
receiver  area  and  the  absorber  area  as  the  benchmark  of  efficiency 
calculation,  the  instantaneous  efficiency  can  be  expressed  as: 

>la  =  >1c(Ac/Aa) 

> U  =  rlc(Ac/Aa )  (5) 

where,  Aa,  An  are  the  receiver  area  and  the  absorber  area  of  the 
solar  collector  (m2). 

3.2.  Effective  heat  capacity 

The  instantaneous  energy  balance  on  the  solar  collector  can  be 
expressed  as: 

C—^r  =  GtAcTjc — mCfAT—AcUc(tm—ta )  (6) 

where, C  effective  heat  capacity,  (J/I<); 

AT  =  (t0— tj),  tm-ta  =  (ti—ta)-\-AT/2 

The  effective  heat  capacity  is  obtained  by  integralling  the  Eq.  (6): 
Actic  Gtdt-mcf  Atdt-AcUc[f£(ti-ta)dt+Ff£  Atdt] 

C  (m2  bn  I  <?) 

Under  steady  state  conditions,  there  is: 

0  =  GAct]c—mCfAT—AcUc(tm—ta)  (8) 

so 

GAcii,-mcfAT 

ACUC  =  — — —L —  (9) 

tm  —  La 

through  experiments,  the  effective  thermal  capacity  of  the  heat 
pipe  solar  collector  is  obtained  and  i.e„  35,549  J/K. 

4.  Heat  pipe  solar  collector 


is  8  mm,  the  thickness  of  pipe  wall  is  1  mm  and  the  length  is 
1660  mm.  The  external  diameter  of  the  condensation  section  for 
this  heat  pipe  is  14  mm,  the  thickness  of  pipe  wall  is  1  mm  and 
the  length  is  83  mm.  Aluminium  fins  cover  the  outside  the  heat 
pipe  evaporator  section;  the  width  of  the  fin  is  62  mm,  the  length 
of  it  is  1670  mm  and  the  thickness  is  1  mm.  There  is  an  AL/N/AL 
absorbent  coating  on  the  fins,  the  absorptivity  is  more  than  0.94 
and  the  emissivity  is  less  than  0.10.  The  heat  pipe  is  inside  a 
vacuum  sealed  glass  tube.  The  glass  tube  is  made  of  Borosilicate 
glass,  the  external  diameter  of  it  is  70  mm,  the  thickness  of  tube 
wall  is  2  mm  and  the  length  is  1 730  mm.  The  space  between  the 
glass  tube  and  the  metal  pipe  remains  as  a  vacuum  and  the 
vacuum  degree  is  5  x  10~2  Pa,  as  illustrated  in  Fig.  3. 

The  solar  collector  consists  of  twenty  heat  collecting  tubes  and  a 
manifold,  as  illustrated  in  Fig.  4.  The  collector  condensation  section 


A  heat  pipe  solar  collector  is  investigated  by  using  the  devel¬ 
oped  solar  collector  experimental  platform  in  China.  This  collector 
uses  the  copper-  heat  pipe  and  its  structure  is  illustrated  in  Fig.  2. 
The  external  diameter  of  the  evaporator  section  for  this  heat  pipe 


Fig.  3.  Heat  pipe. 


Fig.  2.  Heat  pipe  structure. 


Fig.  4.  Heat  pipe  solar  collector. 
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inserts  the  main  copper  tube  through  the  casing  and  the  distance 
between  the  casings  is  100  mm.  There  are  inlet  and  outlet  water 
tubes  at  the  two  extremities  of  the  main  copper  tube.  The  water 
flows  into  the  main  copper  tube,  absorbs  the  heat  from  the  heat  pipe 
condensation  section,  experiences  a  temperature  rise  and  then  flows 
out.  The  external  diameter  of  the  copper  tube  is  55  mm  and  the 
length  is  2140  mm.  The  main  copper  tube  is  wrapped  in  mineral 
wool  thermal  insulation  material  and  encapsulated  in  the  manifold 
entirely,  as  shown  in  Fig.  5.  The  length  of  the  solar  collector  is 
2.039  m,  the  width  is  1.910  m,  the  total  collector  aperture  area  is 
3.89  m2,  the  receiver  area  is  2.253  m2,  the  absorber  area  is  2.07  m2, 
its  net  weight  is  74.8  kg  and  the  maximum  working  pressure  is  6  bar. 


5.  Experimental  method  and  results 

5.1.  Instantaneous  efficiency 

During  the  testing  process,  if  the  extent  of  parameters  deviat¬ 
ing  from  the  average  values  is  within  the  range  given  in  Table  1, 
then  it  can  be  regarded  as  that  the  collector  is  in  the  steady  state 
during  this  experimental  period  [21],  The  data  should  be  mea¬ 
sured  when  the  working  fluid  is  at  the  different  inlet  tempera¬ 
tures.  The  difference  between  the  maximum  inlet  temperature 
and  the  ambient  temperature  should  be  more  than  40  °C,  the  time 
interval  between  all  instantaneous  measurements  is  3  min,  and 
the  experiment  period  should  include  at  least  12  min  preparation 
period.  During  the  experimental/testing  period,  the  parameters 
should  be  collected  as  follows: 

The  solar  irradiance  intensity  at  the  receiver  plane  of  solar 
collector,  G^W/m2); 

The  diffuse  solar  irradiance  intensity  at  the  receiver  plane  of 
solar  collector,  Gd(W/m2); 

Direct  incidence  angle,  6, 

Velocity  of  ambient  wind,  u,  (m/s); 

Ambient  temperature,  ta,  (°C); 

Inlet  temperature  of  working  medium,  0,  (°C); 

Outlet  temperature  of  working  medium,  ta,  (°C); 

Mass  flow  rate  of  working  medium,  m,  (kg/s) 


Experimental  results  are  given  in  Table  2.  Based  on  the 
theoretical  and  experimental  analysis,  the  formulas  of  instanta¬ 
neous  efficiency  according  to  the  receiver  area  and  the  absorber 
area  are  fitted  through  the  following  equations. 


i]a  =  0.603  0.299 (tm  fa>  0.0219 (tm  ta) 

Gt  G  t 

(10) 

i]A  =  0.656  0.325 (tm~ta)  0.0238 

Gt  Gf 

(11) 

5.2.  Effective  heat  capacity 

During  the  measurement  process  of  effective  heat  capacity  in 
heat  pipe  solar  collector,  the  flow  rate  of  the  water  should  be 
similar  to  that  in  experiments  of  collector  efficiency.  When  the 
steady  state  conditions  are  reached,  the  following  parameters 
should  be  measured: 

i.  the  mass  flow  rate  of  the  working  medium; 

ii.  the  inlet,  outlet  temperature  of  working  medium  in  collector; 

iii.  ambient  temperature; 

iv.  solar  irradiance  intensity; 

By  using  Eq.  (9),  the  average  value  of  ACUC  in  two  steady  states  can 
be  calculated.  According  to  the  experimental  results,  the  effective 
thermal  capacity  of  the  heat  pipe  solar  collector  is  obtained  and  it  is 
35,549  J/K. 


Table  1 

permissible  deviation  of  parameters  during  experimental  period. 


Parameters 

Permitted  deviation  range  of  the 
average  values 

Solar  irradiance  intensity 

+  50  W/m2 

Ambient  temperature 

±1  c 

Mass  flow  rate  of  the  working  fluid 

±1% 

Collector  inlet  temperature  of  the 

±  0.1  °c 

working  fluid 

1  2  3 


1 — main  tube  2 - casing  pipe  3 - inlet,  outlet  water  pipe  4 - end  cap 

5,  6  manifold  end  cap  7 — thermal  insulation  material 


Fig.  5.  Manifold. 
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Table  2 

Experimental  Data. 


Measurement  points 

C  (W/m2) 

cd/c 

(m  kg/h) 

tin  (°C) 

to  (°C) 

tm  (°C) 

to  (°C) 

(tm~ta)/Qm2k/W) 

ij 

1 

859.06 

0.19 

173.47 

25.94 

31.78 

28.86 

28.28 

0.000677 

0.608 

2 

878.83 

0.18 

173.54 

25.93 

31.88 

28.90 

28.06 

0.000961 

0.605 

3 

888.31 

0.19 

173.57 

25.95 

31.92 

28.94 

27.91 

0.001149 

0.601 

4 

999.93 

0.11 

172.13 

39.59 

46.18 

42.88 

23.01 

0.019882 

0.585 

5 

956.15 

0.24 

168.81 

44.31 

50.72 

47.52 

28.81 

0.019578 

0.583 

6 

933.51 

0.19 

169.36 

44.26 

50.54 

47.40 

27.33 

0.021507 

0.588 

7 

1044.58 

0.16 

169.50 

50.27 

57.15 

53.71 

26.39 

0.026174 

0.575 

8 

1009.47 

0.11 

172.58 

50.21 

56.75 

53.48 

21.55 

0.031630 

0.577 

9 

1020.74 

0.11 

172.56 

50.22 

56.83 

53.53 

21.56 

0.031314 

0.577 

10 

889.98 

0.16 

162.00 

84.03 

89.37 

86.70 

28.74 

0.065135 

0.504 

11 

923.30 

0.17 

161.73 

84.04 

89.53 

86.79 

28.15 

0.063514 

0.498 

12 

895.61 

0.17 

160.29 

88.72 

93.95 

91.33 

27.81 

0.070926 

0.485 

13 

906.98 

0.16 

160.10 

88.75 

94.03 

91.39 

27.69 

0.070231 

0.484 

14 

906.28 

0.17 

160.05 

88.76 

94.07 

91.41 

27.59 

0.070443 

0.486 

15 

901.95 

0.16 

160.04 

88.72 

93.96 

91.34 

27.10 

0.071222 

0.482 

16 

905.00 

0.16 

160.09 

88.72 

93.91 

91.31 

26.48 

0.071645 

0.477 

17 

885.84 

0.16 

160.28 

88.69 

93.72 

91.20 

25.40 

0.074292 

0.472 

18 

861.60 

0.17 

160.44 

88.71 

93.58 

91.15 

25.07 

0.076697 

0.470 

5.3.  The  incidence  angle  modifier 


By  substituting  the  incidence  angle  modifier  K0  into  Eq.  (2): 

n  c  IV  R 1 1 1 .i T n  to)  m  >1. 

>(  =  FjdraW'fl - r -  (12) 

ijr 


where,(Ta)en  (ta)  for  normal  radiation. 

During  the  experiment,  the  angle  of  the  solar  collector  experi¬ 
mental  platform  should  be  adjusted.  When  measuring  every  data 
point,  to  ensure  the  average  temperature  of  the  working  medium 
tm  similar  to  ambient  temperature  (  ±  1  °C),  so  (tm  —  ta) «  0.  The 
relation  between  Kg  and  efficiency  can  be  represented  as: 


K  =  >U&1  =  ;/o(0l 

°  f*(Ta)en 


(13) 


where, 

i/o(0)  at  (tm  =  ta),  the  measured  instantaneous  efficiency  at  the 
incidence  angled; 

i/o(0)  at  ( tm=ta ),  the  measured  instantaneous  efficiency  at 
normal  radiation. 

As  for  the  heat  pipe  solar  collector,  only  the  incidence  angle 
modifier  in  the  case  of  South-North  arrangement  of  the  collector 
should  be  measured,  and  it  has  been  illustrated  in  Fig.  6. 


The  incidence  angle  modifier  is  I<50= 0.898  when  the  incidence 
angle  is  50°. 

5.4.  Pressure  drop 

The  pressure  drop  is  an  important  parameter  for  the  design  of  the 
solar  collector.  Before  measuring  the  pressure  drop,  there  is  a  need  to 
ensure  that  there  are  no  impurities  and  bubbles  in  the  moving 
working  fluid.  Measurements  are  processed  at  seven  uniform  spacing 
flow  rates.  The  measured  parameters  are:  the  temperature  of  working 
fluid  at  the  inlet  collector  t„  the  mass  flow  rate  of  working  medium  m, 
the  pressure  difference  between  the  inlet  and  outlet  of  collector. 
During  the  measurement  procedure,  the  temperature  of  water 
remains  at  20  +  2  °C,  the  flow  rate  remains  within  +1%  of  the 
setting  flow  rate.  The  experimental  data  of  the  heat  pipe  solar 
collector  is  given  in  Table  3.  The  calculated  data  and  experimental 
results  are  shown  in  Fig.  7.  Based  on  the  measured  data,  the 
calculation  formula  of  the  collector’s  pressure  drop  is  obtained  and 
it  is: 

Ap  =  51838  m2  +  1807  m  (14) 


6.  Conclusion 

An  experimental  platform/test  bench  for  the  testing  of  solar 
collector  is  built  at  (Institute  of  Energy  and  Environment,  Southeast 
University,  Nanjing  210096,  China)  China.  Two-stage  heating  of  the 
working  fluid  is  used  and  a  cooling  water  heat  exchanger  is  set  up  in 
this  platform  in  order  to  ensure  the  temperature  of  the  water  flowing 
into  the  main  tank  can  reach  the  required  range.  Simultaneously,  the 
high  accuracy  electromagnetic  flow  meter  and  control  instruments 
are  applied  in  combination  with  a  variable  frequency  pump  to  turn 
the  accurate  control  of  the  temperature  and  flow  rate  during  the 
experiment/testing  of  the  collector.  For  measuring  the  incidence 
angle  modifier  of  the  collector,  the  sun  tracing  system  and  transmis¬ 
sion  device  are  used  in  this  test  bench/platform,  so  that  the  angle  and 
posture  of  the  collector  can  be  regulated  with  a  good  flexibility.  This 
test  bench  results  show  that  it  guarantees  the  accuracy  of  the 
working  fluid  temperature  and  the  flow  rate  of  the  testing  system. 
The  theoretical  instantaneous  efficiency  and  effective  heat  capacity  of 
the  heat  pipe  solar  collector  is  analyzed.  The  incidence  angle  modifier 
and  the  effective  heat  capacity  of  this  collector  are  obtained  and 
analyzed.  The  equations  for  instantaneous  efficiency  and  the  pressure 
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Table  3 

Pressure  drop. 


Mass  flow  rate 

(kg/s) 

0 

0.022 

0.032 

0.047 

0.060 

0.073 

0.087 

0.100 

0.111 

0.121 

Pressure  drop 
(Pa) 

0 

49 

127 

196 

294 

392 

539 

735 

833 

979 

Fig.  7.  Pressure  drop  of  collector. 


drop  have  been  well  fitted  by  using  the  experimental  data.  The 
experimental  results  have  proved  that  the  developed  experimental 
platform/test  bench  is  stable  and  reliable,  and  also  it  can  satisfy  the 
demands  of  the  experimental  study  (as  well  as  testing)  of  the  heat 
pipe  solar  collectors.  And  this  platform  is  also  suitable  for  experi¬ 
mental  investigation/testing  of  other  types  of  solar  collectors  such  as 
flat  plate  solar  collector  and  all-glass  solar  vacuum  tube  collector. 
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